X-ray observations throughout the orbital cycle of AN UMa during its low state were conducted with the Einstein Observatory simultaneously with ground-based optical UBV photometry and spectroscopy. The observed low X-ray flux of 7X 10-l3 ergs cm-2 s-I is a factor of 40 below the high-state X-ray flux, and FX/Fqt is about a factor of 50 lower than for AM Her and 2A 031 1-227. There is marginal evidence for an X-ray eclipse coincident with an optical minimum and for increased X-ray flux at magnetic phase 0.4 which does not correlate with any optical continuum variation but may be related to increased hydrogen and helium line emission fluxes.
I. INTRODUCTION
heminski and Serkowski (1977) found AN UMa to be a member of the AM Her class of high polarization variables. They determined that its circular polarization has a range from -9 to -35% in the B filter throughout the 115-minute orbital cycle (Tapia 1977) , with ranges of -12 to -31% in the Ufilter and -5 to -25% in the V filter. In contrast to the sharp linear polarization spike present in AM Her (Tapia 1977) , AN UMa has a broad spike of 0.2 phase width (heminski and Serkowski 1977) . Optical photometry (Mumford 1977; Downes and Urbanski 1978; shows a large amount of variability in the shape of the light curve. In general, the U, B, and V light curves all show a broad minimum at the phase of the most negative excursions of the circular polarization, while maximum light occurs at the phase of the polarization spike. High and low optical states exist between a V range of 14th and 17th magnitude (Meinunger 1976) . Spectroscopy (Schneider and Young 1980) shows prominent H and He emission lines with phase-dependent variations and a weak, sharp component which lags the broad by about 0.15 phase.
During a high optical state in 1975 November, AN UMa was detected as a soft X-ray source (Hearn and Marshall 1979) cycle. The X-ray minimum occurred 180" away from the linear polarization spike.
In order to investigate further this orbital dependence and to correlate it with existing photometric and spectroscopic observations to aid in determining the geometry of the system, simultaneous X-ray and optical observations were made throughout several cycles of AN UMa. The system was in a low optical state during the observations.
OBSERVATIONS
The X-ray observations were made with the Imaging Proportional Counter (IPC) on the Einstein Observatory (see Giaconni et al. 1979 for a description of the satellite and instrumentation), yielding measurements over an available energy range of 0.1-4 keV (the exact energies varied somewhat on each night because of varying gains). The first observations were scheduled for 1979 May 19 and 20 with coordinated optical photometry at the 1.3 m Kitt Peak National Observatory (KPNO) telescope and spectroscopy at Lowell Observatory. However, last minute changes imposed by Goddard resulted in a very short X-ray observation (about 30 minutes on each of the two nights), so the entire observation had to be rescheduled for the next X-ray window in 1979 November (which was actually beneficial since the May weather at both KPNO and Lowell was generally uncooperative). A few representative UBV light curves were obtained on 1979 May 17 and 21 by P.S. with the three-channel photometer and on 1979 May 30 by R.S. with the Mark I1 photometer. These measurements determined that AN UMa was in a low optical state (V--16.5). Figure 1 shows typical UBVlight curves obtained at this time.
On 1979 November 20 and 21 the complete orbital coverage by Einstein was obtained during a 3-hour pointing on each of the two nights. Coordinated UBV photometry on both nights was accomplished by E.S. on the 1.3 m telescope at KPNO using the Mark I1 photometer which cycled between filters. One-minute integration times were used (about 4 minutes per cycle), giving statistical uncertainties less than -0.05 mag (except for V the night of November 20 when the uncertainty was up to 0.11 mag because of a noisy SZKODY, SCHMIDT, CROSA, AND SCHOMMER phototube). In addition, on November 20, A. Wilson and J. Ulvestad used the Intensified Image Dissector Scanner (IIDS) system on the KPNO 26 1 m telepope to obtain two sets of spectraofrom 3800 A-7100 A with a resolution of about 10 A. Each set consisted of 16 1-minute integrations which were summed to obtain a usable signal-to-noise. Figures 2 and 3 show the coordinated optical and X-ray light curves for November 20 and 21, respectively. The time intervals of the spectroscopy are marked in Figure 2 , while the two sets of summed spectra are shown in Figure 4 . The phasing
Young (1980), the polarization spike phase is from used is: Krzeminski and Serkowski (1977) , and the optical optical minimum = HJD 2,442,502.285 minimum phasing is from Mumford (1976). An infrared (J, H, K) light curve was obtained by +0.07975307, P.S. 1 month after the X-ray observation (1979 Decempolarization maximum= HJD 2,443,191.7879 ber 31 and 1980 January 2) with the KPNO 4 m telescope and Blue Toad InSb system. Sixteen measure-+ 0.07975307, ments at each filter with a signal-to-noise ratio of 10/1 where the period is that reported by Schneider and were obtained throughout the orbital cycle. 
DISCUSSION

a ) Total X-Ray Flux
During the 1979 May and November observations, the mean count rate with the IPC from all energy channels was 0.12 counts s-'. Transforming this to a flux is difficult since a good calibration of the IPC does not exist. However, an estimate of the hardness of the source may be made by comparing the wunt rate in the various overlapping channels. Because changes occur in the gain from one day to the next, which alters the energy in each channel slightly, this comparison was made separately for each night's data. The values for several energies during the observation of November 21 are listed in Table 1 , with similar values obtained for the rest of the observations. It can be seen that most of the flux is from the soft X-ray band (E10.5 keV). This is the same as the result found by Hearn and Marshall (1979) for AN UMa during the high optical state. Their data were consistent with a mean kTBB-40 eV and NH -2X lo2' cmP2. If we assume these same parameters at the low state and fold them through the instrument response, we obtain the fluxes listed in Table 1 as a function of energy and a total mean flux of 7.2X lop3 ergs cm-2 s-' over all channels. The hardness ratio E(0.5-4.5 keV)/E(O. 1-0.5 keV)= 0.75. A comparison with Hearn and Marshall (1979) data from the high state is made in Table 2 . It is apparent that, while the optical light decreases by a factor of 6 from high to low state, the X-ray flux appears to decrease by a factor of roughly 40 with only a slight increase in hardness.
b ) The X-Ray Light Curve
The low X-ray flux at the low optical state makes it difficult to determine orbital dependence. The data was divided into 100 s bins on each of the 4 days. Out of a total of 152 bins, there are only 4 which show peaks 2 3 a from the mean. However, 3 out of the 4 occur at the same phase (0.5 polarization phase), and Hearn and Marshall's (1979) X-ray curve also shows a spike near this same time (their magnetic phase 0.7 becomes phase 0.6 with the period of Schneider and Young 1980). It is possible that we cannot trust the phasing from 1975 through 1979 since phase drifts are expected (Joss, Katz, and Rappaport 1979) . However, the phasing in AM Her from the observed optical and X-ray light curves appears to be stable ovw a 5-year period (Szkody et al. 1980) , and the optical B minima in the light curves of AN UMa with the given ephemeris match the observations of Mumford (1977 ) in 1976 and Downes and Urbanski (1978 in 1978. Thus, we think it is reasonable to compare our X-ray data with that of Hearn and Marshall (1979) .
The Hearn and Marshall (1979) X-ray data taken during the high optical state also show a minimum in the X-ray light curve about 0.1 phase preceding the spike. During the period of our low optical state data, there is also some marginal evidence for this minimum. Out of the 152 bins, there are 8 with deviations 1 3 a below the mean, and 5 out of the 8 occur during polarization phase 0.4-0.5. Thus, there is some evidence that the shape and features of the X-ray light curve are preserved during the change from high to low state, while only the overall intensity is lowered. nor a cyclotron IR peak (as in AM Her). There is no evidence in the UB V light curves for any sharp spike near optical phase 0 which would compare with the spike seen in Hearn and Marshall's (1979) data and the largest deviations from the mean in our X-ray data. However, comparison of the line fluxes from the two sets of spectra (set 1 after the spike phase and set 2 including the spike phase-see Table 3) The proposed models for AM Her and W Pup encompass those with one active pole (Chanmugam and Wagner 1977) or two active poles (King and Lasota 1979; Liebert and Stockman 1979) . Even quadrupoles have been suggested for 2A 031 1-227 (Allen, Ward, and Wright 1980) . In AM Her, the presence of both positive and negative circular polarization, the offset of the primary V minimum by half an orbit from the X-ray minimum, and the lack of correlation between the X-ray and optical flickering (Szkody et al. 1980) all argue for a two-pole system with the X-rays originating from one pole and the optical light from the dominant pole. In W Pup, changes in the circular polarization argue for a switch between accretion at one pole during very low optical states to two-pole accretion at high optical states (Liebert and Stockman 1979) .
In the case of AN UMa, there is not enough optical and circular polarization data at high and low states to determine if there are changes from a one-pole to a two-pole system. At the low optical state, the circular polarization is always negative (Krzeminski and Serkowski 1977) , and the most negative polarization comes at the same phase as the single minimum in the blue light curve and at the same phase as the X-ray minimum present at the high state (optical phase 0 and polarization phase 0.53). This argues for a system with one active pole.
Schneider and Young (1980) suggest a one-pole model for the AN UMa system which is consistent with the observations. The inclination of the system to the line of sight is 35". The angle of the dipole axis to the z axis is 50" and to the x axis is 20" (see Fig. 5 for a drawing with this geometry plus the location of the various optical and X-ray events). Thus, at polarization phase 0 the pole is nearly perpendicular to the observer, while at optical minimum (polarization phase 0.5, and inferior conjunction of the red star) the pole is at an angle of 18" to the observer. In this type of model, the optical and X-ray minimum must be caused by optical depth effects when looking down into the column while maximum light occurs when the column is at right angles to the line of sight. The line emission originates from both the accretion column and the heated region of the secondary.
An explanation of the X-ray spike present at the high optical state and possibly also at the low will require a peculiar geometry in the given model. From Figure 5 , it is apparent that the column is viewed at a low angle at the phase of the spike. If the soft X-rays originate from the heated surface of the white dwarf, the presence of the spike implies a change in the opacity of the middle of the column which affects only the X-rays and line emission areas. It would be useful to see if this is apparent in the UV, but the faintness of the system is beyond the capabilities of IUE to obtain the necessary FIG. 5 .-A schematic model for the system following the notation of Schneider and Young (1980), where the system is viewed in the x-y plane and the rotation axis is about the z axis. The x axis joins the secondary and the white dwarf. In the third dimension, there is a rotation of the dipole axis by 20' with respect to the x axis. The polarization phases are marked together with the various occurrences seen by the observer. time resolution, and so we must await a more sensitive instrument.
According to the model of Lamb and Masters (1979) , hard X-rays originate in a shock in the lower region of the accretion column. Half of the X-rays escape outward, and the other half heat the white dwarf surface which then emits as a blackbody in the UV and soft X-ray region. In this type of picture (L,, % L, , , + L, , (where L,, is the blackbody luminosity, L, , , is the bremsstrahlung luminosity, and L, is the cyclotron luminosity). However, study of the UV flux in AM Her by Raymond et al. (1979) has shown that the strong W cyclotron emission that was predicted by the theory is not observed and L,, >>L,,, +L,. With the limited observations available for AN UMa, it is difficult to determine if we are faced with the same problem. Hartmann and Raymond (1980) have obtained short wavelength IUE spectra of AN UMa in 1979 October while it was at a low state ( V -16 mag). While the signal strength was low and variability was evident between the two exposures, there is marginal evidence for a v2 continuum flux distribution. Since the exposures were 2 and 4 hours, there is no way to sort out orbital variability (J. Raymond, private communication) . The flux at 1500 A is -3~1 0 -'~ ergs cm-* s-'. Assuming the X-ray flux to be the same as during our observations, then this UV flux is greater than -500 times the flux that can be expected as the tail end of a 25-40 eV soft X-ray blackbody (energies within the range reported for the high state of AN UMa by Hearn and Marshall 1979) . To determine if this flux is consistent with the predicted cyclotron emission, we would need to know Hearn and Marshall 1979 as in AM Her, LBB > L, , , + L, , and the interpreta- Between the low and the high optical state, AN UMa The flux distribution from X-ray to IR is shown in brightened optically by a factor of 8 while the soft X-ray Figure 6 , where the X-ray and optical points are the brightness increased by about a factor of 50. In AM average over the orbital cycle on 1979 November 21, the Her, Fx/Fop, remains about the same during the differ-IR points the average over the cycle on 1979 December ent states (these flux differences are summarized in 31 and January 2, and the UV points from the 1979 Table 4 ). This means that part of the large difference in October data of Hartmann and Raymond (1980) . This X-ray emission between AN UMa and AM Her may distribution may be compared to the X-ray-IR distribu-result from a different change in parameters in going tion of AM Her (Stockman et al. 1977) and the optical-from high to low states. Mumford (1977) reports that IR distribution of W Pup (Szkody and Capps 1980). the optical minimum at the high state is narrower and The flux distribution of both AM Her and W Pup deeper than at the low state. No information exists as to peaks at about 1 pm, which appears to be the result of the polarization or spectroscopic changes from low to cyclotron emission in AM Her and the secondary star in high. It is conceivable that the &own optical and X-ray W Pup. In AN UMa, the peak is near the V region of differences could be ascribed to changes in the mass the spectrum. transfer rate between low and high states which can The X-ray-optical fluxes for AN UMa show a lower change the strength of the shock and, thus, the comporatio than for AM Her and 2A 031 1-227, and this ratio nent from the heated white dwarf, as well as the opacity changes as a function of state. While the optical flux of and width of the accretion column. Integrating the AN UMa during a low state is about a factor of 6 less optical-IR flux distribution and using a distance of 100 than in AM Her during a low state in 1976 May pc gives a luminosity of lo3' ergs s-' (in contrast to (Priedhorsky and heminski 1978), the soft X-ray flux for AM Her-Stockman et al. 1977) . Assuming the is less by about a factor of 300 (Hearn and Richardson luminosity is due to accretion gives M--10-l2 Ma 1977). The system 2A 031 1-227 has a L,/Lo,,, ratio yr-I, a factor of 100 less than in AM Her (Stockman et which is the same as AM Her (Griffiths et al. 1979). al. 1977 ). If this low luminosity is not a distance effect, the lower accretion rate probably results in the lower Einstein reductions; J. Barnes and Dr. D. Hayes for X-ray fluxes.
assistance with the KPNO photometers; Dr. J. Raymond
